Abstract. Patterns in sea surface temperature (SST) on 5-km scales were observed from low-flying research aircraft on a light wind day during the Tropical Ocean-Global Atmosphere Coupled Ocean-Atmosphere Response Experiment. An inverse trend was observed between the SST and the sea surface mean square slope (mss). However, low correlation coefficients indicate that the dominant process causing the spatial variation of SST under these light wind conditions is neither well controlled by the wind speed nor well monitored by the mss. The SST spatial pattern persisted for at least 1 hour and propagated toward the NE at about 1 m s -•, a factor of 1.6 faster than the speed of the surface current. Coupling between internal gravity waves propagating on the seasonal thermocline and the diurnal surface layer is examined as a possible explanation for the observed SST variability in space and time. 
Introduction
This paper deals with data collected on November 28, 1992, during the Tropical Ocean-Global Atmosphere (TOGA) Coupled Ocean-Atmosphere Response Experiment (COARE) in the western equatorial Pacific "warm pool" [Webster and Lukas, 1992] . On that day and during other periods of light winds it was observed that spatial patterns in sea surface temperature (SST) on scales of several kilometers to 100 km persisted and were observed on successive aircraft overflights which were as much as 2 hours apart [Hagan et layer by internal waves with periods shorter than the semidiurnal tide. Section 7 discusses other experiments which suggest that internal waves modulate SST and demonstrates that the translation speed of the SST spatial pattern is in the range of phase speeds for mode 2 internal waves of the appropriate wavelength range. All times cited in this paper are in coordinated universal time unless specified otherwise.
IMET Mooring Measurements
The Woods Hole Oceanographic Institution (WHOI) 3-m discus buoy [Weller and Anderson, 1996 ] mooring (1.75øS, 156øE) was named IMET for its improved meteorological package, but it also measured water properties at a variety of depths. IMET measured water temperature every 15 min using Brancker temperature recorders (TPOD) at six depths in a near-surface array between 0.45 and 2.5 m and also at ten depths between 27 and 260 m. Measurements were recorded every 3.75 min with 14 SeaBird conductivity and temperature (SEACAT) sensors between 2 and 108 m. SEACATs at 84-and 124-m depth were sampled at 5-min intervals. Except for the SEACAT at 2-m depth, there was only 15-min sampling at depths above 5 m or below 124 m. • higher-frequency variations are also apparent. The vertical displacements associated with internal waves diminish above the thermocline, and there is almost no displacement signature at the surface. However, the induced currents persist to the surface.
The IMET mooring measured current vectors at 24 depths, from 5 to 325 m. The two lower panels of Figure 3 show the total and the low-frequency (15.3-hour period or greater) component of the current speed and direction measured at 5-m depth by a vector measuring current meter (VMCM) sampled at 3.75-min intervals. The current data in Figure 3 are plotted at the 15-min resolution of the isotherms. It is apparent that a semidiurnal period dominates the high-frequency component of the current.
The current speed had local maxima in the vicinity of the internal wave troughs at about 0000 and 1200, indicating that the semidiurnal component was roughly aligned with the mean current at those times. The current minimum occurred about midway between, when the semidiurnal component opposed the mean current. That suggests that the semidiurnal tide internal wave was propagating toward 60 ø , the direction of the mean current. The alignment with the mean current is coincidental, but this direction of propagation is typical of internal waves in this region [Pinkel et al., 1997] .
We will later have need of the current variation along leg 5 and will now obtain it through a spatial projection from the temporal measurements at the IMET mooring. The north and east components of the current observations at 5-m depth were separated into high-and low-frequency intervals, with the boundary being a period of 15.3 hours chosen on the basis of minimum spectral energy. The high-frequency current components were assumed to be induced by the internal wave that is the semidiurnal tide in this region as it propagated by IMET.
They were projected spatially toward 60 ø, using the 3 m s -• phase speed. The low-frequency current components were assumed to exist simultaneously throughout the overflight region. The low-frequency north and east IMET components at each observation time were added to the high-frequency components projected from earlier or later IMET measurements depending on whether the observation point was NE or SW of the mooring. Figure 4 shows the variation along leg 5 of the 60 ø component of the composite current (solid curves) for two different time intervals separated by about an hour. The components were nearly equal to the current itself since the current and the ground track were so closely aligned.
It should be noted that the low-high frequency decomposition and spatial projection of the current in no way underestimated its value. The current at IMET never exceeded 45 cm s -• during our measurement interval (indicated by the three solid vertical lines in Figure 3 ), yet the maximum 60 ø current component in our projection exceeds the 70 cm s-• peak value recorded by IMET 4 hours before we began taking data. This is because the low-frequency current component was increasing. It took about 5.5 hours for the semidiurnal tide peak current observed by IMET at 0000 to propagate to the east end of leg 5, where its amplitude was added to the larger lowfrequency current component occurring at that later time. The second attempt to shift the SST patterns from the two flight legs into better agreement was done under the assumption that the patterns translated at speeds faster than the surface current but in the same direction. If the translation speeds are increased above the surface currents by a factor of 1.68 (dashed curves in Figure 4) , the correlation coefficient increases to 0.91 (bottom panel of Figure 13 ). This is remarkable agreement considering not only the hour between the flight lines, but their 400 m lateral displacement. The aircraft separation for the simultaneous data of Figure 11 was only -100 m.
If the NCAR Electra JPL radiometer curve (dotted curve in the bottom panel of Figure 11) were substituted for the solid curve in the bottom panel of Figure 13 , the correlation coefficient would increase to 0.92. This may be because the NCAR aircraft was south of the NOAA aircraft on leg 5, so its ground track was closer to that of leg 8.
Because legs 5 and 8 were traversed in the opposite directions, the time interval was larger at the west end, where the speed of translation (Figure 4) was lower, and smaller at the east end, where the speed of translation was higher. The result was an almost constant relative shift of about 3.5 km along the ground track for the transects shown in the bottom panel of Figure 13 .
Since the data on legs 5 and 8 were not collected simultaneously, the standard deviation of the positional errors on each leg would be expected to be about 50 m, and the relative positional error between legs 5 and 8 would be expected to be about 70 m. This estimate is quite reasonable for the measurements we have presented here (see appendix for more discussion), and it is a negligible uncertainty compared with the observed 3.5-km displacement of the SST pattern between those two transects. Even though a larger relative error is possible, it seems highly improbable that it would be exactly aligned with the 60 ø internal wave propagation direction.
Since leg 5 was at 60 ø and leg 8 was offset about 400 m south, There is a period in the afternoon when the net heat flux is still positive but the layer is cooling and deepening. Shortly after 0500 on November 28, the layer at the IMET mooring deepened to approximately 2.0 m for an hour, then restratified, and finally deepened past 2.0 m again as the net heat flux became negative. At night, radiative cooling drives ocean convection and a decrease in SST. The layer deepens, cooling the surface and warming the water below. By 1300, approaching local midnight, the warmed water had been mixed down, and the temperature differed very little between 0.45 and 5 m depth. Our interest in particular, however, is in the period in the afternoon when transient deepening occurred at IMET. During this time the sensitivity of the shallow diurnal mixed layer to external processes that modify the depth of the layer should be great. Figure 15c shows the wind speed relative to the surface at both Moana Wave and IMET. Figure 15d shows 26 ø, 27 ø, and 28øC isotherms generated from IMET SEACAT data, which had 4 times the temporal resolution of the TPOD data used to generate the isotherms of 
where d30 is the depth in meters of the 30øC isotherm, and t 2 is the temperature in degrees Celsius at 2-m depth. The solid circles in Figure 17 , in order of increasing depth, correspond to the following profiles in Figure 16: 1, 2, 6, 8, 15 Relationship (1) breaks down when the layer becomes mixed. We can apply (1) to the 3.75-min data from the SEACAT at 2-m depth to obtain a higher temporal resolution for the 30øC isotherm than is provided by the TPOD 15-min data interval. The result is presented in Figure 19a . Figure 19b is the 30øC isotherm at 15-min resolution determined from the TPOD profiles of Figure 16 . Figure 19c shows 
7.
Internal Wave Modulation of SST Section 5 indicated that the SST variability can be successfully interpreted as patterns propagating toward 60 ø . In section 6 we saw that internal waves propagating on the main thermocline can modulate the thickness of the diurnal surface layer and induce currents in it. What is not clear at this point is the exact nature of the physical process that would result in the SST signatures we have observed. We will examine our observations in the context of other experiments to develop a better sense of the attributes a proposed physical mechanism should have. Jessup and Hesany [1996] found that the downwind side of surface gravity wave crests was warmer than the upwind side whenever the wind was either aligned with or opposed to the swell propagation direction. They suggested that the effect was caused by disruption of the cool skin by small-scale wave breaking. The 1-km averages used in this paper smoothed over any individual surface gravity wave effects, but it seems likely that the SST spatial patterns we observed were more than just a surface manifestation. Were that the case, there should have been a much higher correlation between SST and mss than was observed (Figure 10 tide or they may have been of parasitic origin, but it seems implausible that their propagation direction could be significantly different from 60 ø and still maintain the coherence demonstrated in the bottom panel of Figure 13 . If these 2-to 8-km features were actually propagating in some significantly different direction, the apparent phase speed along the 60 ø flight direction would be correspondingly higher. The 60 ø propagation direction is also suggested by the wingtip-to-wingtip data (Figure 11 ), which indicated that the SST features were elongated in the direction perpendicular to 60 ø .
Discussion and Conclusions
The observation of an SST signal propagating relative to the underlying water is unusual. We have presented evidence of persistent SST spatial patterns whose temperature variations are not well correlated with either wind speed or the mean square slope of the sea surface. The SST patterns examined here propagated at a speed (0.8-1.2 m s-•) that was too fast to be caused by the current (0.4-0.7 m s-q), and too slow to be explained by the wind speed (2 m s -q) or the wind speed relative to the surface (1.6 m s-I). We have shown that internal waves on the main thermocline can modulate the thickness of the diurnal surface layer, principally causing it to deepen with the passage of a trough, disrupting the normal processes within the layer. The SST spatial pattern translation speed is comparable to that of mode 2 internal waves of similar wavelength. The many sea surface sensors employed in COARE on the afternoon of November 28, 1998, caught the upper ocean in an interesting state. The surface was apparently cooling at a mean rate of 0.24øC h -1, under the influence of an air-sea heat flux which should cause warming. Clearly, entrainment of subsurface water was occurring, even though the local wind speed was only 1.6 m s -•. The extreme strains associated with internal wave modulation of the surface layer redistribute waters that are initially laterally homogeneous, producing subsurface temperature patterns that propagate at wave phase velocities. However, patterns in SST, which also appear to propagate, are seen as well. Some form of mixing must be invoked such that the subsurface patterns penetrate to the sea surface.
Can internal wave modulation of the mean entrainment rate cause the propagating patterns? We note that the vertical excursions of the surface layer are of the order of 1 m only 1 m below the surface. The local wind stress, while weak during this period, is distributed over a layer whose depth is strongly modulated by the internal waves. Spatial variation in the subsurface shear must result. The large near-surface strains should correspond to lateral surface particle displacements that are a significant fraction of the horizontal wavelength of the waves. The internal waves themselves embody lateral motions that extend far below the diurnal surface layer. However, some shear will be imparted across the layer, and this can either reinforce or negate the wind driven shear.
We conjecture that as the afternoon progresses and nearsurface stability decreases, internal-wave-related influences begin to modulate the near-surface entrainment rate. SST is, of course, the integrated effect of all previous heating and entrainment. In an initially homogenous ocean with cooling rate modulated by a single internal wave component, mixing will produce temperature patterns that initially grow with time but eventually vanish after the internal wave has moved a complete wavelength. For a more complex, nonrepeating pattern of modulation, a moving surface temperature signature will always be present, although the apparent propagation speed will not always reflect the phase speed of the internal waves. We note that internal wave propagation conditions on November 28 were nearly nondispersive over horizontal wavelengths 4 km and greater (Figure 21) . Also, the observed shift in the SST pattern of 3.5 km is comparable to the scale of the smallest features observed, but much smaller than the scale of the most energetic SST signal component. Relative to the wavelengths of the SST pattern, only a modest amount of signal propagation has occurred. The cooling rate model does not imply that the observed SST patterns correlate perfectly with underlying internal wave displacements. Rather, SST represents the integrated effect of previous cooling. Measurements that can establish the direct relationship between radiometric SST and the subsurface motion field are required to identify the mechanism more precisely.
